Abstract-A real-time hardware-in-the-loop tool set is presented to test automotive chassis controllers. The use of highspeed computers, specialized hardware interfaces, and instrumentation, as well as simulation models and automation software, provide a realistic and repeatable laboratory environment to supplement in-vehicle testing. In this paper, the dynamics for a variety of chassis models are presented to support the verification of integrated controller hardware and software. To implement these mathematical descriptions the computer hardware, laboratory equipment, and simulation software are discussed. The automated testing features of the simulator permit the creation of script files and test suites for regression testing and reuse on similar programs. A number of issues such as simulator requirements, hardware interfaces, and the need for metrics are explored in order to facilitate the development and justification of a simulation capability.
I. INTRODUCTION
T HE application of on-board electronic controllers to monitor and regulate automotive systems offers the consumer improved vehicle performance. Powertrain controllers monitor all major engine and transmission functions to realize significant reductions in tailpipe emissions with minimum adverse effects on fuel economy and vehicle driveability. Body and chassis control systems (e.g., antilock brakes, real-time suspension damping) provide increased safety and ride comfort to the vehicle occupants through improvements in directional stability and steerability [1] . Traditionally, the development process for automotive systems has involved extensive invehicle testing and evaluation. However, the competitive demands of the marketplace are requiring automotive companies to reduce cycle time and development costs. The application of hardware-in-the-loop (HIL) technology to the controller design process can reduce expensive field tests, improve product quality, facilitate examination of subsystem interactions, and resolve critical safety issues prior to in-vehicle testing [2] . In particular, the system level verification and validation of integrated chassis controller hardware/software to the customer's requirements can be automated in a laboratory setting with HIL tools.
A HIL simulator permits an automotive controller to be operated in an environment electronically equivalent to the actual vehicle (refer to Fig. 1 ). The simulator contains electronic circuits which provide electrical loads representative of those found in an actual vehicle. A high-speed computer is interfaced to the controller through the actuator and sensor emulation hardware. The computer executes dynamic system models to calculate the vehicle's response and generate sensor signals for the driver inputs and controller commanded actuator signals. Thus, a dynamic coupling is established between the controller and the simulated vehicle. In this paper, the hardware and software elements of an automotive chassis simulator are presented. Section II provides an overview of various vehicle subsystem models. The simulation computer and laboratory hardware are presented in Section III. In Section IV, the software utilities necessary to automate the testing process, as well as several methods to verify controllers, are discussed. Section V presents experimental and simulation results to provide insight into the application of the tool set. A number of key simulation issues are discussed in Section VI that should be addressed early in the development process.
II. SIMULATION OF CHASSIS DYNAMICS
The creation of a model-based automotive simulation requires the availability of empirical and analytical mathematical descriptions of the system components. As shown in Fig. 2 , the chassis dynamics are generally composed of the vehicle, wheel, brakes, steering, suspension, tire/road interface, driver, environment, and in some instances, powertrain dynamics. The vectors have been introduced to permit the primary output elements from each subsystem to be denoted. For instance, the brake system block has the output vector which includes the brake pressures and torques for each brake channel. The inputs to this subsystem include the variables from the engine, transmission, and engine control module , the ABS/TCS controller , and the driver blocks. Models for each of the vehicle's subsystems should be available with varying degrees of sophistication. The complexity of a component model may then be selected in order to create a simulation tailored for the application that is not overly excessive. This is an important issue in realtime simulations where a tradeoff often exists between model fidelity and execution speed requirements. In the paper by Allen and Rosenthal [3] , vehicle dynamics model requirements are summarized for various types of simulations. The chassis models presented in this paper are sufficient for software verification.
The environment block contains software modules which allow the road surface properties and elevation to be varied as functions of the vehicle's location. For instance, a composite road surface may be characterized by specifying the friction coefficients in a position indexed lookup table [4] . The vehicle's global position is then used to determine the nominal coefficient of friction for each wheel. In the driver block, vehicle maneuvering information is described through traditional driver commands. These commands may be generated by the user during run-time by manipulating the hardware interface, or stored a priori through the use of script files to automate the system's operation.
A. Vehicle and Suspension Dynamics
The motions of a vehicle may be categorized in terms of performance and ride, as well as handling and stability. The performance and ride characteristics focus on the longitudinal and heave motions of the platform, respectively. The stability and handling characteristics generally refer to the vehicle's lateral/directional response due to steering maneuvers. A variety of low, medium, and high-order models are available to describe the automobile's translational and rotational dynamics.
1) Low-Order Models:
A one degree-of-freedom (DOF) vehicle model is sufficient in cases where a lumped mass approach is acceptable to generate the platform's speed. The equation of motion in the longitudinal direction is (1) This description has been successfully used in powertrain simulations which require only an approximate speed to emulate the vehicle's speed sensor for engine algorithm testing. However, limitations in the vehicle dynamics preclude the use of this model in chassis controller studies.
A two DOF model is presented for lateral stability investigations. In this analysis, the vehicle's front and rear wheels are collapsed into a single front (steerable) and rear wheel with negligible inertia. Also, the roll and weight transfer effects are neglected. This "bicycle" model permits the lateral/directional response of the platform to be examined for small angle steering maneuvers at constant longitudinal speed [5] . Body fixed and global coordinate systems are used to describe the dynamics (refer to Fig. 3 ). The equations of motion for forces along the -axis and moments about the -axis are
As shown in Fig. 4 , the wheel is rolling at a slip angle which represents the angle formed between the direction of wheel travel and wheel heading. The front and rear slip angles become (4) In some cases, a front and rear roll steer effect may also be included in the slip angle expressions. From this figure, represents the vehicle sideslip angle. To further simplify the analysis, it is assumed that the slip angles are small and that the lateral tire forces are linear functions of the slip angles. If the lateral accelerations are greater than approximately 0.4 g's, then this final assumption may no longer be acceptable. The summation of lateral forces and moments about the yaw axis is (5) In these equations, the cornering stiffness has a negative magnitude since a positive slip angle produces a negative lateral force acting on the tire [6] . However, in some references (e.g., [7] ), the cornering stiffness has a positive magnitude resulting from its definition as the negative of Equations (2) and (3) may be numerically integrated to yield the lateral and yaw velocities in the local coordinate system. These body axis velocities may be transformed into velocities in the global reference system by (6) where is numerically integrated from Finally, the vehicle's position in global coordinates may be determined by integrating the expressions in (6) .
2) Medium Order Models: A three DOF model is presented to describe the longitudinal, lateral, and yaw motions of an automobile undergoing maneuvers [8] . This model combines vehicle kinematics, tire forces, and wheel dynamics to create a general purpose simulation suitable for preliminary antilock brake system (ABS) and traction control studies. The equations of motion are (7) in the longitudinal direction and (2) and (3). From Fig. 3 , the external forces acting on the vehicle are where (8)
The summation of moments about the yaw axis are (10) In this expression, the aligning torques have been neglected and should be added if required. Equations (2), (3), and (7) may be numerically integrated to determine the lateral, yaw, and longitudinal velocities in the body axis coordinate system. The speed of each wheel center in the wheel plane may be calculated as (11) where the longitudinal and lateral velocities at each corner of the vehicle are given by (12a) (12b) Again, the vehicle velocity may be transformed from the local coordinate system into the global reference system using the transformations in (6) .
For completeness, a model developed by Segel [9] which analyzes lateral vehicle motion in response to steering inputs will be discussed. The assumptions for this model include a constant forward velocity, small lateral accelerations, and symmetry about the -axis which allows a single front and rear wheel to be considered. The equations of motion for the sideslip, roll, and yaw in a two mass (sprung and unsprung) system with an inclined roll axis are (13) (14) (15) The lateral forces acting on the platform are (16) where includes the cornering force and tire camber effects. The chassis characteristic is experimentally measured for the vehicle. The torques contributing to the roll moment are (17) In this expression, the roll damping produced by the shock absorbers may be approximated as The summation of torques for the yaw moment are (18) where and The load transfer may be calculated as with or depending on whether the front or rear axle is under consideration. In the expressions for and the terms and are empirically defined tire characteristics (Section II-B). Equations (16)- (18) may next be expressed as functions of The resulting differential equations are traditionally solved with classical methods to study the influence of various design parameters on the vehicle's stability. The reader is referred to the reference by Mola [10] for further information.
A four DOF model is presented to describe the longitudinal, lateral, yaw and pitch motions of an automobile. This model provides a general purpose description of the vehicle dynamics which can serve both powertrain and chassis applications well. The equations of motion are (19) and (2), (3), and (7). The summation of forces and moments (refer to Fig. 3 ) are (9) and (20) (21) (22) The transformations to calculate the yaw, pitch, and approximate roll angular velocities, based on and are (23) These expressions may be numerically integrated to calculate the yaw and pitch, as well as approximate roll, angles. In a similar manner, the transformations to compute the global velocities (24) may be integrated to determine the global positions. Depending on the intended application of the simulation, the model for the suspension forces may be simplistic or quite complex. Generally, a suspension model will include spring forces as well as viscous and Coulomb damping forces (25) The suspension springs (coil, leaf, or torsional bars) support the weight of the car and characterize the ride behavior of the platform. The spring force is a nonlinear function of the suspension's deflection. Frequently, a series of linear regions are considered over the range of vertical travel to approximate the nonlinear behavior. For the four DOF vehicle model, the front and rear spring forces can be represented as and where may be interpolated from a lookup table or further approximated by a constant magnitude. The term represents the hydraulic shock absorbers (or struts) which dampen the vehicle's motion. In many analyzes, these viscous damping elements are modeled as ideal fluid dampers whose force is proportional to the suspension's rate of deflection. Again, the nonlinear damping force versus velocity curve may be approximated by straight line segments. The front and rear damping forces can be represented as and where may be determined in a similar manner to Finally, the coulomb damping force is also a function of the suspension's deflection rate. This friction force is quick acting and has a saturation feature normally described by limit functions. In some applications the rubber bushings, which act as vibration isolators to minimize transmission of higher frequency oscillations, and/or anti-sway bars may also need to be considered in the suspension model.
3) High-Order Models: If a more sophisticated vehicle description is needed to study dynamic interactions, then a higher order model using sprung and unsprung masses is recommended. Two vehicle stability and control simulations are available to study handling and braking capabilities for a range of maneuvers. The simulation by Garrott and Scott [11] considers a three mass system-sprung, front unsprung and rear unsprung. The sprung mass has six DOF (three translations and three rotations). The unsprung masses each have two DOF if the wheel spins and steering dynamics are not counted. The front unsprung mass has two translations relative to the sprung mass to describe the wheel hop. For the rear unsprung mass, the independent suspension model includes two suspension deflections while the solid axle description considers one suspension deflection and one axle roll. Overall, this vehicle model provides a comprehensive description of the system dynamics. The second model has been developed by Allen et al. [12] to analyze vehicle lateral/directional control and stability. In this model, a three mass system is also considered. The sprung mass has four DOF (longitudinal, lateral, yaw, and roll) while each unsprung mass has two DOF, again not counting the wheel spins and steering dynamics. For the front and rear unsprung masses, the roll and vertical motion of the respective axles are considered. In addition to modeling the vehicle dynamics, these two simulations provide descriptions for the wheels, suspension, steering, and tire/road interface.
An important issue in the development of real-time simulations is the tradeoff between model sophistication and execution speed. Ideally, all the system dynamics may be adequately addressed when developing a model. However, real-time requirements may challenge the engineer to exclude some dynamics in order to achieve a mathematical description which may be computed in real time. Associated with this issue is the correlation, or level of accuracy, of the simulation to the physical system for a specified operating range. Heydinger et al. [13] has proposed a statistical based validation methodology which requires multiple experimental and simulation runs at each test condition to gather data for both frequency and time domain analysis. A series of qualitative (e.g., overlaying plots) and quantitative (e.g., steady state gain, peak frequency) strategies are presented to compare the test measurements and simulation predictions.
B. Tire/Road Interface
The shear forces and aligning torques generated at the tire/road interface must be computed to simulate the wheel and chassis dynamics. To quantify the impact of applied braking or driving torques on a wheel, the tire's side slip angle and wheel slip are calculated. As shown in Fig. 4 , a local coordinate system has been attached to the wheel with its origin at the center of tire contact. Although the side slip angle was introduced in (4), the expression is now stated as (26) The longitudinal wheel slip is defined in two manners depending on whether the wheel is accelerating or decelerating drive slip brake slip (27) To calculate the shear forces and aligning torques, the normal tire load must also be available. In the model proposed by Dugoff et al. [8] , the static loading and quasistatic load transfer due to pitching, as well as the quasistatic approximation of the dynamic load transfer due to the vehicle's roll angle, are considered
Generally, the traction forces for a variety of road surfaces and operating conditions may be generated using two strategies: extrapolation of empirical data, and analytic models. In the first method, experimentally gathered tire data is loaded into look up tables and an extrapolation scheme [14] is implemented to describe road conditions that are not explicitly contained in the test data. Frequently, experimental tire data is limited to a few road surfaces (e.g., dry asphalt, asphalt with thin water film) and operating conditions (e.g., side slip angle, normal load). From this experimental data, the longitudinal tire force versus wheel slip provides a measure of the braking/driving force coefficient
The lateral tire force versus slip angle graph provides the cornering stiffness
The aligning torque versus slip angle and camber thrust versus camber angle graphs can yield and , respectively. Finally, the tire's rolling resistance versus vertical load at a specified forward velocity provides the quantity
The second strategy uses mathematical models to estimate the mechanical performance of pneumatic tires from basic design and operating variables. These models range from simple linear descriptions useful in deriving and analyzing control systems to nonlinear representations [15] - [17] with tire lag [18] . The tire forces and aligning torque are calculated based on the longitudinal wheel slip, wheel speed, side slip angle, normal load, and other variables (e.g., camber angle). These forces in the wheel plane may be transformed into longitudinal and lateral forces in the vehicle coordinate system by (29)
C. Wheel Rotational Dynamics
The forces and torques acting on the th wheel from the transmission, brakes, road surface, vehicle, and wheel bearings are shown in Fig. 4 . The summation of moments about the spin axis are (30) Several approaches may be used to calculate the wheel speeds, including the direct integration of the rotational dynamics and a closed form solution based on the linearized -slip curve. In the first method, (30) is numerically integrated. However, these dynamics are very fast compared to the overall vehicle dynamics which can result in stiff differential equations (i.e., system eigenvalues vary widely in magnitude). This phenomenon arises from the large mass and moments of inertia for the vehicle in comparison to the small rotational inertias of the wheels and large torques experienced from the braking, driveline, and ground forces. If the high-frequency wheel dynamics are not properly handled, then numerical instabilities may arise. A number of solutions are available to avoid numerical integration stability problems. First, reduce the integration time step as allowed by the execution speed constraints. Second, select a numerical integration method with accuracy and stability characteristics suitable for the application. Improved accuracy may be realized by using smaller time steps or by selecting a higher order integration algorithm. However, higher order integration methods may have smaller stability regions which will require smaller integration time steps. Third, consider restricting the simulation to avoid unstable domains of operation. For instance, an ABS simulation might terminate when the vehicle velocity falls below some specified threshold (e.g., MPH). Although this solution may be acceptable for ABS simulations since control algorithms cease operation in this region, it is probably not optimal in traction control studies where low vehicle velocities are of interest. The second strategy to simulate the wheel spin dynamics is based on the work by Bernard [19] . The nonlinear tire traction torque is linearized about the operating point by considering a Taylor series expansion of the continuously differentiable -slip curve with higher order terms neglected (i.e., This permits a closed form solution of the first order wheel slip equation to be obtained, thus eliminating the need for numerical integration. The underlying principle of the state transition approach may be used in other simulation applications where the differential equations do not readily lend themselves to numerical integration.
D. Brakes and Steering Dynamics
A base brake model should include descriptions for the pedal linkage, vacuum booster, master cylinder, brake lines, and brake discs or drums [20] . The pedal linkage transmits the driver's applied force to the vacuum booster which amplifies this force using vacuum from the engine's manifold. The master cylinder, attached to the vacuum booster, transforms the amplified force into hydraulic pressure by displacing brake fluid through the front and rear brake lines. Proportioning values distribute the pressure properly between the front and rear axles. The front and rear brakes convert the pressure into a friction force to decelerate the wheel. Although the brake system is nonlinear with dead zones, approximate models (e.g., pure time delay, first order linear dynamics) are frequently used to describe the system's response. However, nonlinear models of the vacuum booster, master cylinder, engine manifold, and proportioning values have been developed (e.g., [21] and [22] ) which offer improved accuracy.
The steering module maps the steering wheel inputs into front wheel displacements. Manual steering systems contain a steering wheel and column, a gearbox and pitman arm or a rack and pinion assembly, linkages, steering knuckles and wheel spindles [23] . Power steering systems add a hydraulic pump and power steering gear assembly. In the model derived by Segel [24] , a distributed mass steering system is reduced to a lumped mass description with compliance, Coulomb friction, and viscous damping. The inputs are the driver applied steering torque and kingpin torque due to the tire/road interface, while the output is the front wheel displacement. The model proposed by Garrott and Scott [11] calculates the front wheel steering angles and steering connecting rod displacement as functions of the steering wheel angle, moments on the wheels about the kingpins, linkage geometry and stiffness, and gearbox ratio. In some instances, the steering system dynamics may be avoided by assuming an infinitely stiff steering mechanism and by directly providing the front wheel displacements.
E. Engine and Transmission Dynamics
A variety of models have been derived to describe the behavior of spark ignition (SI) and diesel engines for simulation and control purposes. A comprehensive survey has been conducted by Powell [25] on internal combustion engine models for control system design. The engine descriptions may be broadly divided into input-output and physical-based models. Multi-input multi-output models are generated by applying system identification techniques to the experimental data (e.g., [26] ). The resulting transfer functions are dependent on the specific system configuration, and require engine data to be available over the full operating spectrum. The physicalbased models consider fundamental laws governing the flows, thermal transients, and accelerating inertias to describe the behavior of the system components. For real-time HIL testing, the lumped parameter mean value engine models (e.g., [27] - [33] ) may be selected as the basis for engine simulations due to the satisfactory accuracy and limited complexity. For diesel engine models, the reader is referred to the work by Benson [34] , Watson [35] , and Kao and Moskwa [36] . A number of subsystems are generally considered in a turbocharged diesel engine description including the compressor, intercooler, intake manifold, engine and crankshaft assembly, exhaust manifold, turbine, and turbocharger rotor.
Analytical and empirical models in the simulation library describe the fuel injectors, throttle body, intake manifold, combustion process, and rotational dynamics for SI engines [37] . The fuel injector model converts the controller commanded solenoid fuel pulses into a mass of sprayed fuel. The throttle body model computes the mass air flow rate into the intake manifold based on the throttle valve angle, idle air control actuator position, and pressure ratio across the throttle. The intake manifold dynamics distribute and delay the flow of gases from the throttle body and EGR valve into the engine cylinders with attention to fuel transport characteristics, if appropriate. The combustion model generates the indicated torque based on the mass of air, air/fuel ratio, spark timing, and exhaust gas in each cylinder. Finally, the crankshaft torques (e.g., indicated and load) are summed, integrated, and divided by the crankshaft inertia to yield the engine speed.
An automatic transmission transfers and regulates the engine's power to the drive wheels based on the vehicle's traction requirements. A number of models and analysis methods have been proposed to describe the behavior of vehicle transmissions. The interested reader is referred to the references by Benford and Leising [38] , Kotwicki [39] , and Cho and Hedrick [40] . The transmission modules in the simulation library include the torque converter, transmission gearbox, and differential [37] . The torque converter provides a fluid coupling between the engine and the drivetrain to dampen out disturbances, prevent engine stalling, and provide torque multiplication during vehicle acceleration. To describe these dynamics, the empirical based torque converter models generate the pump and turbine torques based on their respective speeds. Included in this subsystem are the torque converter clutch models which describe the mechanical linkage of the pump and turbine. The automatic transmission gearbox models describe the motions of the planetary gears, clutches, and bands which together provide different torque multiplication ratios based on the engine load conditions. The differential models contain the kinematics of the gears which provide additional torque multiplication, transmit the output torque to each axle, and allow different axle rotation speeds.
III. SIMULATION COMPUTER AND LABORATORY HARDWARE
The real-time HIL simulation facility has been designed to test and analyze automotive controllers. As shown in Fig. 5 , the facility consists of a simulation computer, various hardware interfaces, and controller instrumentation. The simulation computer is an Applied Dynamics Real Time Station (RTS) with an attached System 100 input/output (I/O) rack. The computer hardware is based on the open architecture of the VMEbus with distributed processors to execute the simulation models and handle network communications [41] . The RTS contains multiple Motorola 88110 based compute engines to solve the analytical and empirical mathematical descriptions of the system components. In the current configuration, the I/O rack contains analog-to-digital converters, digital-to-analog converters, and digital input/output lines. These intelligent I/O modules contain Motorola 68040 support processors for parallel computing of interface operations such as signal conditioning and linearization. The availability of commercial I/O modules to emulate automotive sensors should minimize the need for specialized hardware interfaces. A local 300 MB disk can support high-speed data recording and playback in real time during and after a simulation. Users can access the RTS, a server attached to the local area network, from their workstations connected to the ethernet. In our facility, Sparcstations 20 (model 50) are used to control and monitor the simulation, as well as provide an integrated environment for algorithm development and data analysis. The RTS compute engines can be programmed in C, Fortran, or Adsim [42] . A rapid prototyping capability is available to move quickly from block diagrams and software simulations (using Integrated Systems' MATRIXx product family) to HIL applications on the RTS. The high-level language Cosim is used to schedule, synchronize, and control communications for the parallel processors. Interactive run time software provides an environment to acquire simulation data, and to monitor and control the simulation from the user's workstation.
A. Hardware Interfaces
The hardware interfaces are designed to create an electronic environment equivalent to the vehicle. Ideally, the controller should be unable to distinguish between vehicle and laboratory operation. Thus, a controller should receive the expected inputs (e.g., commanded throttle position, wheel speeds) necessary for normal operation, while also delivering the required outputs (e.g., fuel injectors, transmission force motor). As shown in Fig. 5 , the powertrain simulation (PSI), antilock brake (ABI), and motor load (MLI) interfaces provide the electrical transitions needed to connect controllers to the I/O rack.
The PSI contains circuitry designed to accommodate engine and transmission controllers, while the ABI electronics are targeted for chassis controllers. The PSI and ABI perform three types of operations on the I/O signals that pass between the controller and the RTS: analog and digital signal conditioning, the conversion of signals to different formats, and interconnection without modifying the signal. The first type of operation, signal conditioning, is applied to outputs from the controller (e.g., high-side drivers) or the RTS (e.g., lowside switches). An example of the second type of operation is the conversion of a pulse width modulated controller output to a voltage proportional to its duty cycle. In the third category, circuits pass select unconditioned controller signals (e.g., serial data) to an output port. An important consideration for the circuits in the first two categories is the provision of electrical loads equivalent to those found in an actual vehicle. However, these electrical loads cannot be easily adjusted to permit the introduction of signal shorting or noise disturbances. Consequently, a failure mode interface (FMI) has been designed. An attractive feature of the PSI is the ability to select between a front panel or RTS automated mode of operation to control the generation of signals. The user may either drive the HIL simulation by manually manipulating the simulator's switches and potentiometers, or place it under computer supervision (Section IV-A) to execute a test profile composed of driver commands.
The MLI provides an electrical load and interface circuitry between ABS VI controllers and the simulator. The electrohydraulic ABS VI modulator regulates brake pressure in each channel (left front, right front, and rear) using a dc motor attached to a power screw which extends/retracts a piston to push/pull brake fluid. The MLI allows the simulator to exercise the controller's software in a realistic manner while applying reasonable electrical loads to the controller's hardware. This interface uses a static resistor-inductor (RL) network to load the motor driver circuits thus permitting the controller to realize its commanded motor current. During a simulation, the commanded motor current is measured by the MLI and provided as input to the motor driver model executing on the simulation computer (refer to Fig. 6 ). This model is coupled with descriptions of the dc motor, ABS modulator, and vehicle to calculate the estimated "actual" motor current as well as the brake pressure and the chassis' response. To accept the "actual" motor current feedback signal from the simulator, rather than from the on-board motor driver circuit, the controller hardware must be modified (i.e., cut and jump). The MLI's approach to simulating dc motor loads through the use of static loads on the driver circuits and hardware-intrusive feedback avoids the difficulties associated with emulating the back-emf in hardware while retaining the effects of a dynamic load on the controller.
The FMI provides a computer supervised method for the hardware-based manipulation of the controller I/O. This instrument is positioned between the three hardware interfaces and the controller so as to modify the cable harness signals. The FMI provides two basic operations-signal shorting and signal summation. The signal shorting circuit offers four options for an input signal C: closed circuit, open circuit, short to ground, and short to battery. The signal summation circuit introduces four capabilities for two input signals, A and B: closed and open circuits for A, replacement of A with B, and signal summation (A B). An important feature of this instrument is the ability to automate its operation. High-level software directives may be specified in scheduler files to regulate each circuit, as well as to generate the additive or auxiliary signal B.
B. Controller Instrumentation
The Modular Development System (MDS) has been developed by Delco Electronics to support software testing and calibration activities. This instrumentation provides three primary capabilities when connected to a controller: emulation of program and data memories, high-speed data acquisition, and internal data logging. A personal computer (PC) provides the interface between the user and the MDS. The PC uses PC/NFS software to access the ethernet and permit remote operation of the instrumentation. The architecture of MDS enables the instrumentation's RAM, which emulates the controller's ROM, to be asserted in the controller's address space. Thus, the PC to MDS path allows the transfer of files (e.g. program code, calibration sets) to the instrumentation, thereby providing an alternative to programming controller memory devices (e.g., EPROMS).
The high-speed data acquisition and internal data logging capabilities of MDS are important tools for software development. By overlaying the controller's RAM with instrumentation RAM, the MDS captures data from the controller without disturbing its operation. The data is logged to a 4 MB RAM buffer in the computer interface buffer with internal logging (CIBIL). To synchronize flight recording operations for multiple data acquisition systems, an external triggered input and a system triggered output are available. During a test, the preselected controller variables are logged, processed, stored in RAM, and displayed on the PC or vacuum fluorescent display unit. At the conclusion of the test, this information may be transferred from the CIBIL to the Sun workstation.
IV. AUTOMATING THE CONTROLLER TEST PROCESS
The development of software utilities to automate the controller testing process enhances the attractiveness of simulation tools. A computer supervised scheduler enables the controller inputs and simulation events to be prescribed in a repeatable manner through script files. To record the controller's response to this stimuli, data is logged from both the simulator and controller with the integrated data acquisition scheme (Section IV-B). Several test methods have been developed to facilitate the systems level verification and validation of integrated controller hardware and software.
A. Scheduler Utility and Test Scripts
The scheduler utility has been developed to schedule specific events (i.e., controller inputs, driving scenarios, and/or instrumentation operations) in a time indexed manner. This utility reads the user specified inputs or recorded in-vehicle test data from the designated scheduler file and, at the appropriate time instances, updates its outputs. A schedule file also contains information to direct the operation of the simulation environment and control the data acquisition process. Each file chronologically lists the simulation variables to manipulate, with their prescribed profiles, and the controller and RTS variables to be acquired through data acquisition. During execution of a simulation, the designated schedule file contents are loaded into the simulation and interpreted by the scheduler utility. The scheduled variables' signals are generated by the utility's software-based function generator (e.g., step, saw tooth) at the times specified for each variable.
To support a variety of driving profiles and test procedures, a number of schedule files must be created. In most instances, a schedule file is designed to verify one requirement in the test plan. Thus, a logical extension to the schedule file concept is the creation of test suites for systems and software verification. The grouping of these files into a series of test suites, perhaps organized by software functions or features, facilitates regression testing (i.e., selective retesting of a system to ensure that a software change has not caused unintended effects in another area). Ideally, the schedule files and test suites developed for one program will be directly applicable to future programs.
B. Integrated Data Acquisition
An integrated data acquisition strategy has been created to time synchronize the data from the controller instrumentation and the simulation computer (refer to Fig. 5) . Controller hardware and software may be effectively investigated by analyzing the controller's internal variables, external I/O, and appropriate simulation variables. For instance, a split coefficient braking maneuver can be established using the scheduler utility. An ABS control algorithm's performance to this operating scenario may then be recorded and evaluated by logging controller data (e.g., estimated wheel slips) via the instrumentation, plus the vehicle dynamics (e.g., yaw angle) and controller I/O (e.g., wheel speeds) via the simulation computer.
The Sun workstation is the final destination for the RTS and MDS data. During a test, simulation data is continuously acquired through the RTS data acquisition utility and written to a workstation file. Meanwhile, controller variables are logged to the CIBIL and stored in RAM. In addition, the instrumentation sends synchronization signals to the RTS to be included with the simulation data. Once the test is completed, the MDS recorded information is transferred to the workstation and written to another file. These two data files are aligned and merged to create a single data file that documents the test.
C. Controller Test Strategies
The simulation facility provides a powerful tool for the verification (i.e., the process of evaluating a system to determine whether the products of a given development phase satisfy the requirements imposed at the start of that phase) of electronic controllers. Three strategies, labeled open-loop, closed-loop, and hybrid, have been developed for systems integration test-ing [37] . The open-loop method directly provides specific input sequences to the controller using the scheduler utility. Normally, various automotive sensors provide these inputs based on the vehicle's powertrain and chassis dynamic behavior. Therefore, this test strategy assumes that the vehicle's response may be neglected, compensated for, or characterized by the prescribed controller inputs in the script files. The closed-loop method accepts driver inputs and controller outputs through the hardware interfaces to calculate the automobile's behavior on the RTS. The advantage of this strategy resides in the dynamic coupling of the vehicle dynamics and electronic controller to create an environment similar to the actual vehicle. Appropriate analytical and empirical models may be selected from the simulation library to create a suitable dynamic environment. The closed-loop scheduler test files will contain driving profiles characterized by typical driver commands. Finally, the hybrid test method directly manipulates select controller inputs per the open-loop method, while a closed-loop operating scenario produces the remaining signals. This methodology is beneficial in cases where the complete set of controller inputs cannot be prescribed, and physical relationships must be relied on to generate the remaining inputs.
The simulation laboratory also provides an environment to support the design of control strategies and the validation of control systems. The stability, sensitivity, and robustness of proposed control schemes may be investigated by exercising the algorithms in a closed-loop manner on the simulation computer without hardware. Control systems may also be validated (i.e., the process of evaluating a system at the end of the development process to determine whether it satisfies the overall systems functional requirements) in this laboratory environment. However, the correlation of the results with vehicle test data will depend on the accuracy of the various system models, as well as the emulation of the actuators and sensors. Thus, HIL tools should be viewed as a supplement to experimental testing.
V. APPLICATION OF THE HARDWARE-IN-THE-LOOP SIMULATION TOOL SET
Experimental and simulation results are discussed to provide insight into the underlying system dynamics and application of the tool set. Multiple ABS controller variables will be presented for an in-vehicle ABS stop, a HIL laboratory simulation of the ABS maneuver, and the HIL verification of a representative system software requirement. The in-vehicle experimental ABS testing was performed in a Saturn SL2 sedan. A description of the antilock brake control system's operation and components may be found in the Saturn service manual [43] . A number of tests were completed for various road surfaces and vehicle speeds; an ABS stop on dry asphalt will be presented. The vehicle was traveling at a speed of MPH on a straight course when the brakes were applied at s. The data collected was limited to the controller variables and status bits available through the data logger on the MDS instrumentation. In Fig. 7 , the brake switch, right front (RF) wheel speed (in MPH), commanded RF solenoid valve state, and RF commanded current (in amperes) are displayed. The discrete signals indicate inactive (open) and active (closed) states when the brake switch (solenoid lines) have a magnitude equal to zero and unity, respectively. For convenience, the data is presented between 11.0 s and 16.0 s to highlight the ABS stop. In this test sequence, the road conditions could not be rigidly controlled which resulted in varying surface texture (i.e., no type of uniformity can be guaranteed), irregularities, and presence of small debris (i.e., stones, gravel, etc.). Therefore, it will not be possible to rigidly match the simulation results to this road surface due to these nonlinear effects.
A HIL simulation was created to support software verification at the systems level for the ABS controllers. During the tool set development phase, the agreement between the invehicle and the laboratory simulation results was investigated. The appropriate brake modulator, vehicle, and tire/road interface parameter databases were loaded into the model-based simulation. Operating scenarios were created in the laboratory similar to those performed in the field. The scheduler utility permitted the repeatable simulation of a vehicle traveling at approximately MPH with the brakes applied at s. The MDS data logger acquired the same set of controller variables and status bits (refer to Fig. 8) . To compare the in-vehicle and HIL simulated ABS test results, several characteristics (e.g., total stopping time, wheel speed profile, and commanded current features) will be examined. The elapsed stopping times for the in-vehicle and simulated RF wheels are 3.16 s and 3.07 s, respectively. Note that the wheel deceleration is approximately 26.0 ft/s or 0.8 's for the given road surface. The number of impending wheel lockup and recovery events is approximately six for each case. However, the in-vehicle data also contains a number of minor departures, absent from the simulated results, which may be partially attributed to nonlinear effects and high-frequency unmodeled dynamics. The commanded current profiles for the initial ABS release and apply are similar in magnitude and duration for each case. The subsequent apply and release events differ between the in-vehicle and bench results due to the nonlinear and unmodeled dynamics, and the use of a different software calibration database which varied the magnitude of the incremental commanded motor current. Overall, the simulation results agree favorably with the in-vehicle test results.
To provide insight into the application of the tool, a short to battery diagnostic fault [43] will be verified for the RF hydraulic bypass solenoid. During an ABS maneuver, the controller provides battery voltage to close the solenoid valve and isolate the brake pedal input. Shorting the RF solenoid to battery voltage should cause the controller hardware to set a fault bit which results in the software disabling of the ABS modulator, setting diagnostic code 78, and illuminating the ABS telltale light. To verify the diagnostic, a scheduler file was created to introduce this fault via the FMI's signal shorting circuitry. The controller's variables, as well as the commanded FMI introduced fault, were recorded during the simulation. In Fig. 9 , the brake switch, RF wheel speed, RF solenoid valve state, FMI short to battery status (inactive when the magnitude is 1), and malfunction 78 flag are presented. The introduction of a RF solenoid short to ground at s during braking results in the immediate disabling of the ABS system and setting of malfunction code 78.
VI. OBSERVATIONS
A number of observations have been made during the development and application of simulation tool sets at Delco Electronics. The comments are restricted to simulator requirements, system hardware/software, and the establishment of metrics. Although these categories are not exhaustive, they include issues that should be considered early in the development process.
A. Simulator Requirements
A comprehensive set of requirements is essential to identify and develop appropriate solutions to meet the simulation needs. A variety of simulation products exist ranging from PC's with plug in cards to powerful simulation computers with extensive I/O functions based on VMEbus architecture. Clearly, sophisticated models will require a simulator with sufficient compute power to calculate the dynamics in the allotted time period. Further, a simulator should be viewed as an integral part of the computer aided engineering process with provisions for rapid prototyping.
B. System Hardware/Software
The hardware interface represents one of the larger expenses incurred when developing a simulator. Although vendors now offer a variety of interface circuits, the electronic functionality required by an application may not be available. Consequentially, the cost of in-house development (e.g., materials and engineering time) or the procurement of commercial solutions must be included in the budget. When designing an interface, a building block approach with software reconfigurable circuits is recommended.
Software maintenance is a continual task during the life cycle of the simulator. A large programming effort will be required to create the simulator's software utilities during the development phase. To apply the tool set, appropriate system models with the required databases should be available on-line. In most instances, modifications to the application software will be regularly requested to facilitate testing.
C. Establishment of Metrics
Often the application of sophisticated technologies to the product development process must be justified by quantifying the cost savings. To measure the direct and indirect benefits of a simulation capability on product design and testing, appropriate metrics must be established. Some measurable quantities that may be selected include changes in manpower requirements, level of experimental or in-vehicle testing, and warranty return rates.
